We previously identified a set of transcription regulators, referred to as TIPs (tension-induced/inhibited proteins), with a role in myogenic versus adipogenic differentiation. Here we report that the TIP family comprises eight isoforms, all bearing a SANT (switching-defective protein 3, adaptor 2, nuclear receptor corepressor, and transcription factor IIIB) domain and some of them presenting S-adenosyl-L-methionine (SAM) and nuclear receptor box (NRB) motifs, all characteristic of histone-modifying enzymatic complexes. TIPs have SANT-dependent, p300-mediated histone acetyltransferase (HAT) activity. Ectopic TIP-6 (SANT ؉
We originally identified TIP-1 (tension-induced/inhibited protein 1) and TIP-3 in mouse lung embryonic mesenchymal cells while studying the effects of mechanical tension in mesenchymal cell lineage determination (26) . TIP-1 was induced upon stretching, a critical signal for smooth muscle differentiation (59) ; it associated with the promoter of serum response factor (SRF), a key myogenic transcription factor (7) , and induced myogenesis. On the contrary, TIP-3 was suppressed by stretching. In nonstretched lung embryonic mesenchymal cells, TIP-3 was recruited to the promoter of peroxisome proliferator-activated receptor gamma 2 (PPAR␥2), a key adipogenic transcription factor (43) , and induced adipogenesis. Smooth muscle cells and lipofibroblasts are normally present in the lung (36) . TIP-2 was found in a GenBank search, but since it was not present in embryonic mesenchymal cells, its function was not studied (26) .
Here we report that the TIP family is presently composed of eight isoforms generated by alternative splicing from a single gene located in chromosome 2q22-23 in mice and 2q31.1 in humans. TIPs have nuclear localization signals (NLS), translocate between the nucleus and the cytoplasm (26) , and have several previously characterized functional domains. These include a SANT (switching-defective protein 3 [Swi3] , adaptor 2 [Ada2], nuclear receptor corepressor [N-CoR], and transcription factor IIIB [TFIIIB]) domain, a SAM motif (the D/ExGxGxGx signature motif found in S-adenosyl-L-methionine-binding proteins), and an NRB site (nuclear receptor box, represented by the LXXLL signature motif). These functional domains are characteristically present in catalytic and noncatalytic subunits of histone-modifying enzymatic complexes.
Histone-modifying enzymatic complexes catalyze the covalent attachment or removal of posttranslational modifications, which occur mainly at the N-terminal tails of core histones. These modifications function to decondense chromatin and/or recruit other enzymes or proteins to the nucleosomes, thereby playing an essential role in transcription regulation (8, 31, 34) . The most extensively studied modifications are acetylation, deacetylation, and methylation. Histone acetylation has been almost invariably associated with gene activation, while histone deacetylation has been associated with gene silencing (8, 31, 34) . Histone methylation has been associated either with activation or silencing depending on the methylated amino acid, its localization in the core histones, and its degree of methylation (8, 31, 34) .
The SANT domain is present in all TIP isoforms. This domain was originally identified based on its homology to the DNA binding domain of c-Myb and is comprised of an approximately 50-amino-acid motif characterized by the presence of conserved hydrophobic and aromatic residues in each of three ␣ helices arranged in tandem (1) . Despite its similarity to the DNA binding site of c-Myb, the SANT domain lacks several key residues that contact DNA in the Myb DNA-binding domain and contain consecutive hydrophobic residues in the recognition helix that are incongruent with DNA binding (11) .
Since its original description, the SANT domain has been identified in multiple histone-modifying enzymatic complexes with histone acetyltransferase (HAT) activity, such as ADA, SAGA, and ATAC in yeast and STAGA, PCAF, and TFTC in mammals (4, 6, 10, 21, 50) ; histone deacetylase (HDAC) activity, such as silencing mediator of retinoic acid and thyroid hormone receptor (SMRT), complex cI/CoREST, and complex cII (16, 22, 25, 61, 62) ; and histone methyltransferase (HMT) activity, such as the EED/EZH2 complex (GenBank search). Within these complexes, the SANT domain has been found in catalytic subunits, as in the case of EZH2, as well as in noncatalytic subunits, as in the case of Ada2.
Several studies demonstrated the essential role of the SANT domain in the functioning of histone-modifying enzymatic complexes (6, 10, 22, 50) . For example, a SANT domain in Ada2p binds to histone tails and thereby enhances the catalytic efficiency of the Gcn5p-Ada2p complex (10) . The SANT domain can also function by binding to the catalytic subunit of the histone enzymatic complex (22, 50, 61, 65) , such as in the case of SMRT and N-CoR, in which a SANT domain binds to the latent HDAC3 that results in its activation (22, 65 ). An enzymatic complex subunit can have two SANT domains, with one binding to histone and the other to the catalytic subunit, such as SMRT (62) . Alternatively, a single SANT domain can function by binding to both enzyme and substrate, such as the SANT domain in the Ada2 subunit of the SAGA complex, in which a SANT subdomain interacts with histone and the other subdomain interacts with the HAT enzyme Gcn5 (50) .
All TIPs except TIP-1 and TIP-6 have SAM domains. This highly conserved signature motif is found in SAM-binding proteins, including HMTs (5, 14, 39, 57) , and is involved in their function. A mutation in the SAM site of PRMT1 and PRMT4/ CARM1 coactivator-associated arginine HMTs abrogates their HMT and coactivator activities (14, 57) . Further supporting a potential HMT role, the SAM motif in TIP-2, TIP-3, TIP-4, and TIP-5 is embedded in a 104-amino-acid-long region with high homology to established methyltransferases (referred to in GenBank as the "methyltransferase domain"), and TIP-1 and TIP-6, although lacking SAM motifs and methyltransferase domains, are highly homologous (30 to 40% identity) to methyltransferases 12 and 2 (GenBank).
TIP-1, TIP-3, TIP-4, and TIP-5 harbor an ⌵R〉, the signature motif of nuclear receptor coregulators (24, 32, 56) . Nuclear receptors are a family of transcription factors that control gene expression in a ligand-dependent fashion (20, 37) . The NRB binds the coregulator to the nuclear receptor through its leucine residues, which dock into the nuclear receptor AP2 hydrophobic cleft (17, 46) and modulates its activity (19, 24, 29, 32, 56) . Coregulators are essential components of multiple histone-modifying enzymatic complexes required for nuclear receptor-mediated transcription (reviewed in references 3, 20, and 37). Nuclear receptor coregulators include HATs, such as Gcn5, p300, and PCAF; subunits of HDAC enzymatic complexes, such as N-CoR and SMRT; subunits in ATP-dependent chromatin remodeling complexes, such as Swi/Snf/BRG1; and HMTs, such as CARM1 and PRMT1 (3).
Here we show that TIPs have recruited HAT activity, identify p300 as the recruited HAT enzyme, and demonstrate the role of the SANT domain in the regulation of p300 catalytic activity. Furthermore, we reveal the involvement of TIP-6, the only TIP with a SANT ϩ SAM Ϫ NRB Ϫ makeup, in the induction of PPAR␥2-mediated adipogenesis.
MATERIALS AND METHODS
Plasmids. The cloning of TIP-1, TIP-2, and TIP-3 was previously described (26) . TIP-5 to TIP-8 were cloned from C3H/10T1/2 cells (American Type Culture Collection, Manassas, VA) into pCR2.1-TOPO vector (TOPO TA cloning kit; Invitrogen Corp., Carlsbad, CA). C3H/10T1/2 cells were selected because of their multipotential capability to differentiate into a variety of mesenchymal cell lineages (64) . TIP-5 was cloned using the primers sense, 5Ј-CTGCCATCAAG CCTCAGC-3Ј, and antisense, 5Ј-ACTTGGTTCAGGGTCCAACC-3Ј, complementary to the 5Ј and 3Ј untranslated region of GenBank sequence accession number BC057960. While cloning TIP-5, we identified TIP-4 as an extra band with an additional approximately 150 bp. TIP-6 was cloned using the primer set sense, 5Ј-ATGAATGTGATTTGGAGAAGTTGC-3Ј, and antisense, 5Ј-CACA CTCTCATACAGTACCTCTAGTATTCG-3Ј, complementary to GenBank sequence accession number AK042669. TIP-7 was cloned using the primers sense, 5Ј-GTGTCGCTTCACCTGTGTGT-3Ј, and antisense, 5Ј-ACTGTGCCTGGG GTTGC-3Ј, complementary to GenBank sequence accession number AK039461. During the cloning of TIP-7, we identified TIP-8 as an extra band with an additional approximately 450 bp. TIP⌬SANT constructs were produced by a QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA) by following the manufacturer's instructions. All the sequences were verified by sequencing.
Lentivirus constructs. Sequences expressing scrambled short hairpin RNA (shRNA) (sense strand, CCGGTCCGGACTGTCTTAACGCATCATGCACT CGAGTGCATGATGCGTTAAGACAGTTTTTTTG) and three TIP shRNAs (sense strands 1, CCGGTCCGGAGAAGAAGAAGACGCAGCTAGCTCGA GCTAGCTGCGTCTTCTTCTTCTTTTTTTG; 2, CCGGTCCGGCCTGGGA GCAGAGGATGGTCTCTCGAGAGACCATCCTCTGCTCCCAGGT TTTTTG; and 3, CCGGTCCGGGTTTCCTGGTAGCAATGCCACCTCGAG GTGGCATTGCTACCAGGAAACTTTTTTG) were individually cloned at the AgeI and EcoRI sites in the shRNA cassette of Mission pLKO.1-puro vector (Sigma-Aldrich, St. Louis, MO). Three TIP shRNAs were designed to deliver small interfering RNAs (siRNAs) targeting the positions 165 to 185 bp (AGA AGAAGAAGACGCAGCTAG), 466 to 486 bp (CCTGGGAGCAGAGGATG GTCT), and 539 to 559 bp (GTTTCCTGGTAGCAATGCCAC) of the TIP-6 open reading frame. One microgram of the resulting pLKO.1 shRNA plasmid, together with 0.75 g psPAX2 vector and 0.25 g pMD2.G vector (Addgene, Inc., Cambridge, MA), was cotransfected into 5 ϫ 10 5 HEK-293T cells (Invitrogen) in a six-well plate. After 48 h of incubation at 37°C and 5% CO 2 , the supernatant was collected and virus particles were concentrated with a PEG-it virus precipitation solution (System Biosciences, Mountain View, CA).
Recombinant TIPs. Recombinant TIPs (rTIPs) were generated as glutathione S-transferase (GST) fusion proteins GST-TIP-1 to TIP-8 and GST-TIP-6⌬SANT by PCR amplifying the coding regions of TIPs and TIP-6⌬SANT and subcloning them into the pGEX-6P-1 vector (GE Healthcare Biosciences Corp., Piscataway, NJ) between the EcoRI and XhoI ends. All the sequences were verified by sequencing. TIP-1 to TIP-8 and TIP-6⌬SANT were expressed in Escherichia coli BL21 (GE Healthcare). GST protein purification was carried out following standard protocols as described previously (2, 40) . GST affinity tail was cleaved from TIP-1 to TIP-8 but not from TIP-6⌬SANT or part of TIP-6 using PreScission protease (GE Healthcare). Collected rTIP proteins were concentrated with Microcon filter devices (Millipore, Bedford, MA), resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and stained by Coomassie blue to verify purity.
Cell cultures and tissue. The NIH 3T3 and 3T3-L1 cell lines (American Type Culture Collection) were cultured in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen). Preadipocytes and adipocytes were isolated from the gonadal depots of 5-to 7-day-old mouse pups according to described procedures (58) . After 1 h of collagenase digestion (2 mg/ml), the tissue was dispersed and filtered through a 250-m mesh and centrifuged at 50 ϫ g to eliminate stromal cells for 5 min. The pellet containing vascular and stromal cells was discarded. The infranatant was removed from beneath the floating adipocyte layer and centrifuged at 200 ϫ g for 10 min. The obtained pellet, mainly consisting of preadipocytes, was resuspended and filtered through a 25-m mesh to remove potential endothelial cell clumps and again sedimented by centrifugation (51) . The pellet was resuspended and cultured in advanced DMEM/F12 (Invitrogen) medium supplemented with 10% fetal calf serum (Invitrogen) and 3 M/ml glucose with 10 l/ml penicillin (Invitrogen) (58) . Simultaneously, floating adipocytes were collected, washed twice in Krebs Ringer's buffer containing 4% albumin, and immediately used for Western blotting. To obtain adipose tissue, the gonadal fat pads from adult mice were removed and rinsed in 0.85% NaCl solution. Transfections. NIH 3T3 cells were plated at a density of 2 ϫ 10 6 to 3 ϫ 10 6 per 100-mm culture dish on the evening before and transfected overnight with empty vector (pcDNA), TIP-1 to TIP-8, and TIP-1⌬SANT to TIP-8⌬SANT (15 g) using Lipofectamine 2000 (Invitrogen) in Opti-MEM (Invitrogen). To achieve an increased expression of TIP-6⌬SANT, required for some chromatin immunoprecipitation (ChIP) assays, the amount of plasmid transfected was increased by fivefold. Preadipocytes were transfected overnight with empty vector, TIP-1, TIP-1⌬SANT, TIP-3, TIP-3⌬SANT, TIP-6, and TIP-6⌬SANT (15 g) using Lipofectamine 2000 (Invitrogen) in Opti-MEM, and the cells were allowed to differentiate for 8 to 10 days in culture medium. No chemical adipogenic cocktail was used in these experiments.
IPs. Forty-eight hours after transfection, NIH 3T3 cells were lysed in radio IP assay lysis buffer (50 mM Tris, 0.25% deoxycholate, 1% Igepal, 150 mM NaCl, 1 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride) with complete protease inhibitor cocktail tablets (Roche Diagnostics, Indianapolis, IN), precleared with protein A-Sepharose beads (Sigma) and immunoprecipitated with 10 l of polyclonal x-c-myc antibody (Ab) (Sigma) bound to protein A-Sepharose beads (Sigma) overnight at 4°C. The beads were extensively washed with lysis buffer and boiled in Laemmli buffer. The supernatants were then collected after centrifugation. Alternatively, lysates were immunoprecipitated with 10 l of monoclonal x-p300 Ab, polyclonal x-Tip60 Ab, polyclonal x-CBP Ab (Upstate, Temecula, CA), and x-Gcn5 Ab (Abcam, Inc., Cambridge, MA).
HAT assay. HAT activity was measured using a kit from Upstate as described earlier (26) . Twenty-five microliters of TIP-1 to TIP-8 and TIP-1⌬SANT to TIP-8⌬SANT IP material or 2 g of rTIP-1 to TIP-8 were incubated with 100 M acetyl coenzyme A and 1ϫ HAT assay buffer (50 mM Tris [pH 8.0], 10% glycerol, 0.1 mM EDTA, and 1 mM dithiothreitol) for 30 min on an enzymelinked immunosorbent assay plate precoated with either biotin-conjugated histone H3 or histone H4 (H3/H4) tail peptides. Acetylated histone was detected colorimetrically at an optical density at 450 nm using an x-acetyl-lysine Ab followed by horseradish peroxidase-conjugated secondary Ab. Twenty nanograms of recombinant PCAF and 10 ng of acetylated H3 and H4 were used as positive controls.
HDAC assay. HDAC activity was measured fluorometrically using a kit from Upstate and following the manufacturer's instructions. Twenty-five microliters of TIP IPs were incubated with 60 l of HDAC assay buffer (25 mM Tris [pH 8.0], 137 mM NaCl, 2.7 mM KCl, and 1 mM MgCl 2 ) containing 100 M acetylated H3/H4 at 30°C for 45 min. The contents were centrifuged, and 40 l of the reaction mixture was transferred to a microtiter plate. Twenty microliters of the activator solution was then added, mixed thoroughly, and incubated at room temperature for 15 min. The plate was read in a fluorescence plate reader at excitation at 350 nm and emission at 450 nm. Ten microliters of HeLa cell nuclear extract was used as a positive control.
HMT assay. HMT activity was measured using a kit from Upstate. Twenty-five microliters of TIP IPs were incubated with 2 g of chicken core histones and 0.55
3 H]methionine in HMT assay buffer (50 mM Tris [pH 9.0], 5 mM dithiothreitol) for 30 min at 30°C. Five-microliter aliquots were transferred to the center of 2-cm by 2-cm P81 phosphocellulose papers, and these were washed with 10% trichloroacetic acid followed by 95% ethanol. Radioactive counts were read in a scintillation counter. Two hundred fifty nanograms of purified PRMT1 was used as a positive control.
Induction of 3T3-L1 adipogenic differentiation. 3T3-L1 cells were induced to differentiate by the administration of differentiation medium containing DMEM with 10% fetal bovine serum, 10 g/ml insulin (Sigma), 0.5 mM 3-isobutyl-1-methylxanthine (Sigma), and 1 M dexamethasone (Sigma) (15, 67) . After 48 h, differentiation medium was replaced with regular medium containing 5 g/ml insulin (15, 67) . The culture medium was changed at 2-day intervals. The cells were used for different studies at 0, 1, 2, 3, 4, 5, and 10 days after induction.
3T3-L1 cell stretching. In some experiments, 3T3-L1 cells were statically stretched for 6 h as previously described (26, 59) starting after 18 h of induction. The cells were then collected for studying TIP expression.
Lentivirus infection. The viral supernatants (3.3 ϫ 10 8 ) were used to infect the 3T3-L1 cells. The cells were treated with Polybrene (8 g/ml) (Sigma) for 30 min before incubating with control (scrambled) lentivirus and TIP-targeting lentivirus overnight, and subsequently, the cells were maintained in the medium containing puromycin for 1 week to select cell populations stably infected with the viruses. The infected cells were induced with differentiation medium. p300 and Gcn5 RNA interference. NIH 3T3 cells were cultured in 100-mm plates to 70% confluence. Twenty micromolar siGenome SMART pool p300, Gcn5, or scrambled siRNA (Dharmacon, Lafayette, CO) and 2 M siGLO RISC-free transfection efficiency control siRNA (Dharmacon) were simultaneously transfected with 15 g of empty vector, TIP-6, or TIP-6⌬SANT using FuGENE 6 (Roche Diagnostics) following the manufacturer's protocol for 76 h. Decreases in the p300 and Gcn5 levels were determined by Western blotting.
Western blots. Fifty micrograms of fat lysates, 60 g of cell lysates of 3T3-L1 cells differentiated for 0, 1, 2, 3, 4, 5, and 10 days or lentivirus-infected 3T3-L1 cells differentiated for different days, and 25 l of x-myc, x-p300, x-Tip60, x-Gcn5, and x-CBP IPs of NIH 3T3-transfected cells were boiled in Laemmli buffer with 5% mercaptoethanol, resolved on 4 to 12% SDS-PAGE gels, and transferred onto nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA). The membranes were blocked with 3% milk and probed with polyclonal x-TIP Ab (26), x-myc Ab, x-p300 Ab, x-Tip60 Ab, x-Gcn5 Ab, x-CBP Ab, monoclonal x-histone H3 Ab (Upstate), or monoclonal x-histone H4 Ab (Abcam). All these primary Abs were used at a 1:1,000 dilution and detected with horseradish peroxidase-conjugated secondary Abs diluted 1:10,000. The bands were visualized with the ECL chemiluminescence kit from GE Healthcare.
Reverse transcriptase PCR (RT-PCR).
Total RNA was extracted with TRIzol (Invitrogen) from fat; NIH 3T3 cells transfected with empty vector, TIP-6, and TIP-6⌬SANT; and 3T3-L1 cells induced and noninduced. cDNA was then synthesized using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). The primers used in this study included the following: GAPDH (glyceraldehyde-3-phosphate dehydrogenase) sense, 5Ј-ATCACCATCTTCCAGGAGC GA-3Ј, and antisense, 5Ј-GCCAGTGAGCTTCCCGTTCA-3Ј; PPAR␥2 sense, 5Ј-CCCTGATGAATAAAGATGGA-3Ј, and antisense, 5Ј-GAGGTCTGTCAT CTTCTGGA-3Ј; adipsin sense, 5Ј-TCTATACCCGAGTGTCATCC-3Ј, and antisense, 5Ј-GATGGCTCAGTGGTTAAGAG-3Ј; adipocyte protein (aP-2) sense, 5Ј-TCTCCAGTGAAAACTTCGAT-3Ј, and antisense, 5Ј-GAAGTCAC GCCTTTCATAAC-3Ј; C/EBP␣ sense, 5Ј-AGGTGCTGGAGTTGACCAGT-3Ј, and antisense, 5Ј-CAGCCTAGAGATCCAGCGAC-3Ј (26); C/EBP␤ sense, 5Ј-CTATTTCTATGAGAAAAGAGGCGTATGTAT-3Ј, and antisense, 5Ј-AT TCTCCCAAAAAAGTTTATTAAAATGTCT-3Ј; C/EBP␦ sense, 5Ј-TGCCCA CCCTAGAGCTGTG-3Ј, and antisense, 5Ј-CGCTTTGTGGTTGCTGTTGA-3Ј; leptin sense, 5Ј-GATCAATGACATTTCACACA-3Ј, and antisense, 5Ј-GGA CGCCATCCAGGCTCTCT-3Ј; and KLF5 sense, 5Ј-CCGGAGACGATCTGA AACAC-3Ј, and antisense, 5Ј-GGAGCTGAGGGGTCAGATACTT-3Ј. TIPs expression was detected using the following primer sets: TIP-1 sense, 5Ј-CAAG AATCGTAATTGGCTGTTGAG-3Ј, and antisense, 5Ј-GGATCCTGGAATGT TCCTCTAGTATTC-3Ј; TIP-2 sense, 5Ј-CCTTTCTCTACTGCTGCGACT-3Ј, and antisense, 5Ј-GCAGGTCTGTACCCTCTTCCT-3Ј; TIP-3 sense, 5Ј-CCAA AGGTCCTGCTTAGGATG-3Ј, and antisense, 5Ј-TCCCGAAACAATAGCAT TCC-3Ј; TIP-4 and TIP-5 sense, 5Ј-CTTTGTATTTTCCTGCCATCAAG-3Ј, and antisense, 5Ј-ACAGCCAATTACGATTCTTG-3Ј; TIP-6 sense, 5Ј-ATCAT CCTGGGATCAAGTCG-3Ј, and antisense, 5Ј-CTCTCATACAGTACCTCTA GTATTCG-3Ј; TIP-7 sense, 5Ј-CTCCAGAAGAGCAAGAACCTG-3Ј, and antisense, 5Ј-CCATGTCTGACGCTAAGCAA-3Ј; and TIP-8 sense, 5Ј-CAAGAA TCGTAATTGGCTGTTGAG-3Ј, and antisense, 5Ј-GAAAACACTTAAAACT CACTGCAAG-3Ј. All amplifications were run for 35 cycles. The amplified PCR products were visualized on 1% agarose gels using 0.5 g/ml ethidium bromide. Amplicons were confirmed by sequencing.
Real-time PCR. Total RNA was extracted and cDNA was synthesized as mentioned above from fat; NIH 3T3 cells transfected with empty vector, TIP-6, and TIP-6⌬SANT; 3T3-L1 cells; and lentivirus-infected 3T3-L1 cells induced with standard differentiation medium for different days. cDNA was amplified and detected with the FullVelocity Sybr green QPCR master mix (Stratagene) according to the manufacturer's protocol. The PCR primers were the same as those used for the semiquantitative RT-PCR. The real-time PCR was carried out in Mx4000 Multiplex quantitative PCR systems (Stratagene), and its software was used to calculate the cycle threshold.
Promoter-reporter assay. Promoter-reporter constructs were made for different PPAR␥2 promoter (AY243584) fragments in the forward direction, from positions Ϫ1140 to ϩ52 bp referred to as full-length (PPAR␥2p.FL or FL), Ϫ631 to ϩ52 bp (M1), Ϫ361 to ϩ52 bp (M2), and Ϫ631 to Ϫ361 bp (M3) using the following respective primer sets: sense, 5Ј-AAGCTTGACAGAGAACTCTTGC TAGTCCC-3Ј, and antisense, 5Ј-AAGCTTCAGAGATTTGCTGTAATTCAC ACTG-3Ј; sense, 5Ј-AAGCTTCTGTCAACTATTCCTTTTTATAGAATTTG G-3Ј, and antisense, 5Ј-AAGCTTCAGAGATTTGCTGTAATTCACACTG-3Ј; sense, 5Ј-AAGCTTGCCACTGGTGTGTATTTTACTGC-3Ј, and antisense, 5Ј-AAGCTTCAGAGATTTGCTGTAATTCACACTG-3Ј; and sense, 5Ј-AAGCT TCTGTCAACTATTCCTTTTTATAGAATTTGG-3Ј, and antisense, 5Ј-AAGC TTGTAAAATACACACCAGTGGCTTTTAA-3Ј. The resulting PCR products were cloned into the HindIII site of the firefly luciferase reporter vector pGL3. The C/EBP binding site (Ϫ340 to Ϫ322) and KLF binding site (Ϫ278 to Ϫ267) deletion mutant reporter constructs (M4 and M5, respectively) were made using a QuikChange II site-directed mutagenesis kit (Stratagene). TIP-6 and TIP-6⌬SANT (4.5 g) were transfected simultaneously with 50 ng of firefly luciferase reporter plasmid containing full-length PPAR␥2 promoter (PPAR␥2p.FL) and 5 ng of Renilla luciferase plasmid (pRL-TK from Promega Corporation, Madison, WI) to normalize the transfections. In additional experiments, 4.5 g of TIP-6 was transfected simultaneously with 50 ng of full-length PPAR␥2 promoter (FL) or its deletion mutant reporter constructs (M2 to M5) and 5 ng of pRL-TK. The transfection of empty vector with PPAR␥2p.FL served as the control (mock). Cell extracts were prepared 48 h after transfection and assayed for firefly and Renilla luciferase activities using the dual-luciferase promoter-reporter assay kit from Promega as per the manufacturer's instructions. pGL3 empty control (pGL3 basic) values were considered baseline values and were therefore subtracted from all three groups.
Oil Red O staining. This was performed as described earlier (26) . Ten-dayposttransfection preadipocyte cultures and 3T3-L1 cells were stained with Oil Red O in propylene glycol (Poly Scientific R&D Corp., Bay Shore, NY) for 30 min at 37°C, washed with water, air dried, and counterstained with hematoxylin. For the quantification of cells, Oil Red O staining was performed on trypsinized cells in suspension, and cells positive and negative for Oil Red O staining were then counted using a hemocytometer.
GST pull-down assay. GST alone, GST-TIP-6, and GST-TIP-6⌬SANT were immobilized onto glutathione Sepharose 4B beads (GE Healthcare), and these were incubated overnight at 4°C with 2 g of purified H4 (Upstate) or recombinant p300 (produced in insect cells; Active Motif, Carlsbad, CA) in binding buffer (10 mM Tris at pH 8.0, 150 mM NaCl, 1 mM MgCl 2 , 0.5% Triton X-100, mcb.asm.org 10% glycerol, 1 mM dithiothreitol) (40) . After extensive washing, the beads were suspended in Laemmli buffer with 5% mercaptoethanol and boiled for 5 min, and 30 l of supernatant was resolved by SDS-PAGE and transferred to nitrocellulose membranes. The samples were analyzed by Western blotting using x-TIP, x-H4, and x-p300 Abs at the concentrations stated above. ChIP assays. ChIP assays were conducted with NIH 3T3 cells transfected with empty vector, TIP-6, and TIP-6⌬SANT and 3T3-L1 cells induced for 0 days or 10 days as previously described (26) using a ChIP assay kit from Upstate. Six micrograms of x-TIP; x-myc; x-p300; x-Gcn5; polyclonal x-acetylhistone H3K9,14 (Upstate); polyclonal x-acetylhistone H4K5,8,12,16 (Upstate); and polyclonal x-acetylhistone H4K16 Abs (Upstate) and 10 l of monoclonal x-RNA polymerase II Ab and clone 8WG16 (Upstate) were used for the IPs. An aliquot of chromatin DNA prepared from cell lysates taken prior to the IP was considered as input DNA. The IP DNA and input DNA were analyzed by PCR. The primer pairs used were 5Ј-GCCACTGGTGTGTATTTTAC-3Ј (Ϫ361 to Ϫ342) and 5Ј-CAAATATTTGGGAGAGGTGGG-3Ј (Ϫ93 to Ϫ73) for the PPAR␥2 gene promoter (26) and 5Ј-TGACTTAGAGGCTTAAAGGA-3Ј (Ϫ315 to Ϫ296) and 5Ј-CGGGGACCGCTTTTATAGAG-3Ј (Ϫ37 to Ϫ18) for the C/EBP␣ gene promoter (45) . The amplified PCR products were visualized on 1% agarose gels using 0.5 g/ml ethidium bromide and quantified by real-time PCR.
RESULTS
The TIP family is currently composed of eight isoforms. In addition to the three TIPs originally identified, a GenBank search indicated the existence of three additional TIP isoforms (TIP-5, TIP-6, and TIP-7). TIP-4 and TIP-8 were identified in C3H/10T1/2 multipotential mesenchymal cells (64) while cloning TIP-5 and TIP-7. These eight isoforms are generated by alternative splicing from a single gene located in chromosome 2q22-23 in mice and 2q31.1 in humans. The exon composition of each TIP is presented in Fig. 1A . Their predicted molecular masses are 24, 28.5, 40.5, 44.5, 38.5, 22.5, 27, and 24 kDa, respectively. Figure 1B TIP IPs have HAT activity. Since all TIPs have structural domains characteristic of histone-modifying enzymatic complexes with HAT, HDAC, or HMT activity, we tested them for each of these activities. TIPs tagged with myc were expressed in NIH 3T3 cells, which have no endogenous TIP expression, and the IPs generated with an x-c-myc Ab were used to perform HAT, HDAC, and HMT assays. We found that all the IPs had HAT activity on H3 and H4 substrata ( Fig. 2A) . Immunoblots confirmed the presence of TIP isoforms in each IP ( Fig. 2A) . No HDAC or HMT activity was observed on acetylated H3/H4 or core histones, respectively ( Fig. 2B and C) .
TIPs recruit p300 HAT activity. Since SANT, SAM, and NRB are found in both catalytic and noncatalytic subunits within histone-modifying enzymatic complexes, we next performed HAT assays using rTIPs on H3 and H4 substrata to determine whether TIPs have intrinsic catalytic activity. rTIPs did not have HAT activity on either substrata (Fig. 3A) , indicating that the catalytic activity present in the IPs was the result of a recruited HAT enzyme(s). To identify a TIP-associated HAT enzyme(s), we performed Western blotting using x-myc IPs from TIP-1 to TIP-8 NIH 3T3 transfected cells using Abs against various HAT enzymes. These showed that all TIPs coimmunoprecipitate the HAT p300 enzyme (Fig. 3B) . No other HATs tested, including Tip60, Gcn5, and CBP, were found in the IPs (Fig. 3B) . IPs with x-Tip60, x-Gcn5, and x-CBP Abs followed by immunoblotting with the same Abs demonstrated the presence of these HATs in NIH 3T3 cells (Fig. 3B) . To determine whether p300 was responsible for the recruited TIP HAT activity, we conducted HAT assays using x-myc IPs from TIP-transfected cells in which p300 or Gcn5 production was suppressed using siRNA probes. The suppression of p300 eliminated HAT activity, whereas the suppression of Gcn5 had no effect (Fig. 3C) .
Deletion of the SANT domain inhibits TIP-recruited HAT activity. Figure 4A shows the alignment of the TIPs SANT domain with SANT domains found in other histone-modifying enzymatic complexes. The conserved bulky aromatic residues are boxed in black. The TIP SANT domain is closest in homology to the N-CoR SANT domain, which is 20% identical and 46% similar (Fig. 4A) . As other previously reported SANT domains, TIP SANT domains have a theoretical isoelectric point of 5, which makes binding to DNA highly unlikely due to its negative electrostatic surface potential, as predicted by FIG. 3 . TIPs recruit p300 HAT activity. (A) rTIPs generated as GST fusion proteins were used to perform HAT assays on H3 and H4 substrata after removing the GST peptide. None of the rTIPs have intrinsic HAT activity on either substratum. The histogram of HAT activity on H3 includes Coomassie blue staining of rTIPs and GST (negative control). The error bars on top of each column represent the standard errors. (B) TIPs coimmunoprecipitate the HAT enzyme p300. myc-tagged TIPs (TIP1 to TIP8) and empty vector (mock) were expressed in NIH 3T3 cells, and x-myc IPs were analyzed by Western blotting with antibodies against various HATs. p300, but no other HATs, was detected in all IPs. x-myc immunoblots demonstrate the presence of transfected TIPs in the IP material. IPs with x-Tip60, x-Gcn5, and x-CBP Abs (X-HAT IP) followed by immunoblotting with the same Abs demonstrated the presence of these HATs in NIH 3T3 cells. (C) p300 silencing inhibits TIP-recruited HAT activity. myc-tagged TIPs (TIP1 to TIP8) and empty vector (mock) were expressed in NIH 3T3 cells in which p300 was suppressed by RNAi. There is a significant decrease in HAT activity in cells treated with a p300 siRNA probe (blue columns) compared to that in cells treated with the scrambled RNA (scRNA) control probe (red columns). The suppression of Gcn5 does not affect TIP-recruited HAT activity (yellow columns). The HAT PCAF is included as a positive control. The error bars on top of each column represent the standard errors. The Western blots included with the histogram demonstrate no p300 in cells treated with the p300 and Gcn5 siRNA probes compared with the scRNA probes. GAPDH is shown as a loading control. The results are representative of three experiments. The experiments depicted in panels A and C were performed in triplicate. OD450, optical density at 450 nm.
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at SERIALS CONTROL Lane Medical Library on March 24, 2009 mcb.asm.org structural modeling (11) . Since SANT domains have been previously shown to be involved in H3/H4 acetylation, we transfected TIP⌬SANT mutants into NIH 3T3 cells and performed HAT assays with the TIP⌬SANT IPs. The deletion of the SANT domain drastically inhibited HAT activity on the H3 and H4 substrata (Fig. 4B ). TIP-6 is present in mature adipose tissue and induces PPAR␥2-mediated adipogenesis. To study the functional role of the SANT domain in more depth, we focused further studies on TIP-6, the shortest TIP and the only one with a SANT ϩ SAM Ϫ NRB Ϫ makeup. We first determined whether TIP-6 transfection could induce differentiation in NIH 3T3 cells. TIP-6 indeed promoted adipogenic gene expression. This was indicated by the de novo induction of the key adipogenic nuclear receptor/transcription factor PPAR␥2, downstream adipogenic transcription factor C/EBP␣, and terminal differentiation markers adipsin and aP-2, as demonstrated by RT-PCR and real-time PCR (Fig. 5A and B, respectively) . The effect of TIP-6 was only partial, as it did not induce leptin, another marker of adipocyte terminal differentiation ( Fig. 5A and B) , or result in the intracellular accumulation of lipids even after treatment with chemical adipogenic inducers (K. R. Badri and L. Schuger, unpublished data). Unlike TIP-6, TIP-6⌬SANT did not induce adipogenic genes (Fig. 5A and B) . C/EBP␤ and C/EBP␦, which act upstream of PPAR␥2, were not induced by TIP-6 ( Fig. 5A and B) (data not shown). Markers of myogenic differentiation were not observed (data not shown).
Promoter-reporter assays were performed using a pGL3 PPAR␥2 promoter construct transfected into NIH 3T3 cells along with TIP-6 or TIP-6⌬SANT or empty vector. These studies showed that TIP-6 activated the PPAR␥2 promoter and that activation was eliminated by the deletion of the SANT domain (Fig. 5C ). Promoter deletion studies further showed that a bp Ϫ361 to ϩ52 PPAR␥2 promoter fragment was sufficient to substitute for the full PPAR␥2 promoter in the TIP-6-induced luciferase expression assays ( Fig. 5D and E) . Its activity did not change by deleting either the C/EBP binding sites (41, 66) or the KLF binding site (41) (Fig. 5D and E) .
To further test the role of TIP-6 in adipogenesis, we transfected TIP-6 or TIP-6⌬SANT into preadipocytes in primary culture, in which endogenous TIP-6 was not detected by immunoblotting (data not shown). TIP-6 had a dramatic effect on preadipocytes, rapidly inducing their differentiation into mature adipose cells as indicated by the large accumulation of intracellular lipids stained red with Oil Red O (Fig. 6A) . TIP-6⌬SANT did not induce differentiation (Fig. 6A) . The quantification of fat-positive cells in preadipocyte primary cultures transfected with TIP-6 as well as TIP-1 (myogenic), TIP-3 (adipogenic), and their respective SANT-deleted mutants is presented in Fig. 6B , which shows adipogenic differentiation after TIP-3 or TIP-6 transfection and lack of adipogenic differentiation upon transfection with TIP-1 or TIP⌬SANT mutants. Equally important, TIP-6, along with TIP-3, was identified by RT-PCR and immunoblotting of the fat of adult mice (Fig. 6C to E) . Immunoblots of freshly isolated mature adipose cells, which unlike intact fat do not contain additional cell types, such as vascular and stromal cells, also showed restricted TIP-3 and TIP-6 presence (not shown).
We next determined whether adipogenic TIP-1 and TIP-3 and/or other TIP isoforms are expressed during 3T3-L1 adipogenic differentiation. No TIP message was detected in noninduced 3T3-L1 cells, and only TIP-6 mRNA was detected after adipogenic induction was completed (Fig. 7A) . These results were confirmed by real-time PCR (not shown). Kinetic studies using real-time PCR and Western blotting confirmed the absence of TIP-6 mRNA and protein at time zero (Fig. 7B and C). Increased levels of TIP-6 message and incipient TIP-6 protein production were already detected 24 h after adipogenic induction ( Fig. 7B and C) , reached a peak around day 5, and continued to be detected, albeit at lower levels, during the rest of the 10-day culture period (Fig. 7B and C) . TIP-3 was not induced in this in vitro adipogenic model (Fig. 7A to C) . Six hours of continuous stretching starting 18 h after the addition of the adipogenic cocktail suppressed the incipient TIP-6 message and protein production seen at 24 h after adipogenic induction (not shown). Figure 7D shows the time-course ex- pression of C/EBP␤, PPAR␥2, and C/EBP␣, which are normally induced during 3T3-L1 adipogenic differentiation (15, 41, 45, 55) . Two other adipogenic transcription factors, CEBP␦ and KLF5, and the fat specific protein aP-2 were tested and showed a similar pattern of expression as previously published (27, 41, 45) (not shown). The inhibition of TIP-6 production by RNA interference (RNAi) significantly inhibited 3T3-L1 adipogenic differentiation, as indicated by the inhibition of PPAR␥2 and C/EBP␣ gene expression (Fig. 7E) and by a marked decrease in fat-positive cells (Fig. 7F and G) . C/EBP␤, which was not induced by TIP-6 expression in NIH 3T3 cells, was not inhibited by silencing TIP-6 (Fig. 7E) . Studies performed on days 0, 1, 2, 3, 4, 5, and 10 confirmed that TIP-6 mRNA and protein were suppressed during the entire RNAi treatment (Fig. 7E ) (data not shown). TIP-6 binds directly and indirectly to p300 and H4. Direct TIP-6-p300 binding is SANT mediated. Since the SANT domains in noncatalytic subunits of histone-modifying complexes (such as is the case for TIPs) have been shown to interact with H3/H4 and/or with the catalytic subunit, we studied TIP-6 and TIP-6⌬SANT IPs for the presence of p300, H3, and H4. As expected, TIP-6 coimmunoprecipitates p300; in addition, TIP-6 coimmunoprecipitates H4, but H3 was not detected. TIP⌬SANT also coimmunoprecipitates p300 and H4, but the p300 levels were lower (approximately 50% by immunoblot densitometry) than those present in TIP-6 IPs (Fig. 8A) . IPs using an x-p300 Ab confirmed these co-IP results and demonstrated that in the absence of TIP-6, p300 does not interact with H4 (Fig. 8B) . GST pull-downs using the GST-TIP-6 and GST-TIP-6⌬SANT fusion proteins, recombinant p300, and purified H4 showed the direct binding of TIP-6 to p300 and H4 (Fig. 8C) . TIP-6-H4 binding was not affected by SANT domain deletion (Fig. 8C) . The binding of TIP-6 to p300 was, however, eliminated by deleting the SANT domain (Fig. 8C) . Since TIP-6⌬SANT coimmunoprecipitates p300, our results indicated that TIP-6 binds to p300 not only directly but also indirectly through other yet-uncharacterized protein(s) complexing with TIP-6 and p300.
TIP-6 and TIP-6⌬SANT are recruited to the PPAR␥2 promoter but only TIP-6 allows for p300-mediated promoter-associated H3/H4 acetylation. To further determine how TIP-6 induces adipogenesis, we transfected TIP-6 and TIP-6⌬SANT into NIH 3T3 cells and performed ChIP assays. TIP-6, p300, acetylated H3K9,14, acetylated H4, acetylated H4K16, and RNA polymerase II were detected at the PPAR␥2 promoter site by RT-PCR and real-time PCR (Fig. 9A and B) . In the absence of TIP-6, p300 was not recruited to the promoter ( Fig.  9A and B) . In the absence of the SANT domain, TIP-6⌬SANT and p300 were detected at the promoter site, albeit in reduced amounts, but there was no detection of acetylated H3 and H4
or RNA polymerase II (Fig. 9A and B) . To determine whether the reduced amount of p300 recruited to the PPAR␥2 promoter in the presence of TIP-6⌬SANT could account for the absence of H3/H4 acetylation, we increased the volume of TIP-6⌬SANT transfected into the cells by fivefold in order to increase the amount of p300 in the IP material. Immunoblots confirmed the increment in TIP-6⌬SANT in the IP material ( Fig. 9C and D) . This resulted in an increase in TIP-6⌬SANT and p300 bound to the PPAR␥2 promoter, reaching a level similar to that of TIP-6/p300 ( Fig. 9C and D) . The increment in p300, however, did not result in H3/H4 acetylation. TIP-6 was not recruited to the C/EBP␣ promoter (downstream of PPAR␥) ( Fig. 9E and F) . ChIP assays performed on 3T3-L1 cells after adipogenic differentiation demonstrated the recruitment of endogenous TIP-6, along with p300, to the PPAR␥2 promoter leading to the acetylation of promoter-associated H3/H4 (Fig. 10A  and B) . No p300 or acetylated H3/H4 were detected at the PPAR␥2 promoter site in the 3T3-L1 cells before adipogenic differentiation (day 0) (Fig. 10A and B) . Real-time PCR showed that TIP-6 is not recruited to the C/EBP␣ promoter (Fig. 10B) .
DISCUSSION
Here we report the TIP family of transcription regulators to be presently composed of eight isoforms featuring the SANT, SAM, and NRB domains characteristic of histone-modifying enzymatic complexes. Our studies indicated that these transcription regulators do not have intrinsic catalytic activity but participate in H3/H4 acetylation through the recruitment of the p300 HAT enzyme. p300 belongs to the MYST family of HATs and acetylates H2A, H2B, H3, and H4 (reviewed in references 13 and 49). p300 interacts either directly or through cofactors with a wide variety of transcription factors, including nuclear receptors (13, 49) , and therefore, p300 is considered a nuclear receptor coregulator. p300 also interacts with components of the basal transcriptional machinery (9, 33, 63) and with other proteins (28) . p300 has been shown to play essential roles in myogenesis (12, 35, 38, 44, 47, 60) and adipogenesis (18, 53) , the two processes respectively induced by TIP-1 and TIP-3. Furthermore, mutations in p300 have been associated with certain cancers and other human disease processes (28) .
Among the three functional motifs present in TIPs, the only one common to all isoforms is the SANT domain. Several studies demonstrated that the SANT domain is required for histone-modifying enzymatic complexes to be catalytically active (6, 10, 22, 50) . In agreement with these previous studies, the deletion of the SANT domain significantly inhibited TIPrecruited HAT activity.
To further elucidate the functional role of the SANT domain, we focused on TIP-6, the shortest TIP and the only isoform with a SANT ϩ SAM Ϫ NRB Ϫ makeup. Since TIP-1 (SANT ϩ SAM Ϫ NRBa ϩ ) and TIP-3 (SANT ϩ SAM ϩ NRBb ϩ ) induced embryonic mesenchymal cells to follow, respectively, a myogenic or adipogenic pathway (26), we determined whether TIP-6, with only a SANT domain, was able to direct NIH 3T3 cell differentiation into a specific mesenchymal cell lineage. We found that the ectopic expression of TIP-6 in NIH 3T3 cells induced adipogenic gene expression without inducing the expression of myogenic genes.
Additional studies further supported a role for TIP-6 in adipogenesis. We found that the transfection of TIP-6 into preadipocytes triggered their maturation into adipose cells. Furthermore, TIP-6 was rapidly induced upon the treatment of 3T3-L1 cells with the adipogenic cocktail, and its downregulation inhibited 3T3-L1 adipogenic differentiation. Of notice, TIP-3, which is expressed in adipose tissue in vivo and induced preadipocyte differentiation in culture, was not detected in the 3T3-L1 cell line. Finally, TIP-6 was present in adipose tissue in vivo.
Adipogenesis has been divided in two phases. The first phase, known as determination, involves the commitment of a pluripotential stem cell to the adipocyte lineage. In the second phase, which is known as terminal differentiation, the preadipocytes take the characteristics of mature adipocytes (43) . Some of the transcription factors participating in the adipogenic cascade have been well established. The C/EBP␤ and C/EBP␦ transcription factors are among the earliest seen. These two proteins induce the expression of the transcription factor/nuclear receptor PPAR␥2. The forced expression of PPAR␥2 is sufficient to induce adipocyte differentiation in fibroblasts (55) and is therefore considered the "master regulator" of adipogenesis (43) . PPAR␥2 in turn activates C/EBP␣, which feeds back on PPAR␥2 to maintain the differentiated state. The transcription factor ADD1/SREBP1 (30) and few other recently identified proteins, including TIP-3 (43) , have the ability to directly activate PPAR␥2 by inducing its expression and/or by promoting the production of an endogenous PPAR␥2 ligand. The activation of this transcription factor cascade leads to the expression of genes that characterize the terminally differentiated fat cell phenotype (43) . Within this well-established adipogenic cascade, TIP-6 acts by inducing PPAR␥2. Like TIP-3, the other adipogenic isoform, TIP-6 expression is inhibited by stretching. These studies therefore identified TIP-6 as a novel adipogenic factor and added to the notion that TIPs play a significant role in mesenchymal lineage determination.
Interestingly, TIP-6 and TIP-1 amino acid composition is almost identical, and yet one induces adipogenesis and the other myogenesis. The NRBa seems to be a key element for the myogenic effect of TIP-1 since our previous studies showed that, in the absence of the NRBa, a TIP-1 mutant was not FIG. 8 . TIP-6 binds directly and indirectly to p300 and H4. (A) myc-tagged TIP-6 (TIP6), TIP-6⌬SANT (TIP6⌬), and empty vector (mock) were expressed in NIH 3T3 cells, and IPs were carried out with x-myc Ab and immunoblotted for TIP, p300, H3, and H4. TIP-6 coimmunoprecipitates p300 and H4 but not H3. TIP-6⌬SANT also coimmunoprecipitates p300 and H4, but p300 levels are lower (Ϸ50% lower by densitometry) than those in TIP-6 IPs. (B) myc-tagged TIP-6 (TIP6) and empty vector (mock) were expressed in NIH 3T3 cells, and IPs were carried out with x-p300 Ab and immunoblotted for TIP, p300, H3, and H4. p300 coimmunoprecipitates TIP-6 and H4 but not H3. In the absence of TIP-6 (mock), p300 does not coimmunoprecipitate H4. (C) GST pull-downs were done using GST alone, GST-TIP-6 (TIP6) and GST-TIP-6⌬SANT (TIP6⌬) fusion proteins, purified H4, and recombinant p300. TIP-6 binds to p300 and H4. SANT deletion eliminates TIP-6⌬SANT binding to p300 without affecting binding to H4. These experiments were repeated three times with similar results. recruited to the SRF promoter but was associated instead with the PPAR␥2 promoter and induced adipogenesis (26) . In those histone-modifying enzymatic complexes bearing SANT domains in noncatalytic subunits, such as is the case for TIPs, their SANT domains have been shown to directly interact with the catalytic subunit (22, 50, 61, 65) , with histones (10, 62), or with both (50) . We found that TIP-6 directly interacts with both and that TIP-6 binds to p300 in a SANT-dependent manner and to H4 in a SANT-independent mode. TIP-6 does not interact directly with H3. Since the deletion of the SANT domain diminished but did not completely abrogate TIP-6⌬SANT-p300 association, our data suggested that TIP-6 and p300 are subunits of a larger enzymatic complex. Preliminary studies indicate that such a complex has a molecular mass of 1.2 MDa, as determined by sizing column. Although the various subunits of most HAT complexes have been well characterized (49), there is no information about p300-associated proteins. The family of TIPs therefore represents the first subunit identified in a p300-bearing HAT complex. We found that TIP-6 and p300 are recruited to the PPAR␥2 promoter leading to H3/H4 acetylation at the promoter site. H3-acetylated sites included H3K4 and H3K19, which are hallmarks of gene activation (23) . H4 was acetylated at multiple sites, including at H4K16. H4K16 acetylation has been shown to unravel chromatin in in vitro assays, making it more accessible to proteins involved in transcription activation (48) . RNA polymerase II, required for transcription initiation, was also recruited to the PPAR␥2 promoter. In the absence of TIP-6, p300 does not occupy the PPAR␥2 promoter or associate with H4.
Histone-modifying complexes do not have direct DNA binding activity and therefore require the participation of transcription factors/nuclear receptors to bind to promoters. Although these studies indicated that the bp Ϫ361 to ϩ52 portion of the PPAR␥2 promoter is the site interacting with the TIP-6-p300 complex, the identity of the transcription factor mediating TIP-6-p300 complex binding to the PPAR␥2 promoter is currently unknown. p300 binds to a large number of transcription factors and nuclear receptors (13, 49) , but whether any of these binds to the PPAR␥2 promoter remains to be elucidated. In addition, TIP-6 may also bind to the mediating transcription factor, as such is the case for c-Myb R2, in which its SANT domain binds to C/EBPs (52) as well as to H3 (40) . On the other hand, none of the adipogenic transcription factors demonstrated to bind to the PPAR␥2 promoter, namely C/EBP␣, C/EBP␤, C/EBP␥, KLF5, KLF15, and SREBP1c (43), had been reported to interact with p300. Nevertheless, the C/EBPs are unlikely to mediate TIP-6-p300-PPAR␥2 promoter interaction since neither C/EBP␤ nor C/EBP␦ is detected in NIH 3T3 cells, before or after TIP-6 transfection, and C/EBP␣ is secondarily induced by PPAR␥2. Furthermore, the deletion of the C/EBP binding sites from the PPAR␥2 promoter did not abolish its activation by TIP-6 in promoter-reporter assays. Similarly, the deletion of the KLF binding site, the other transcription factor binding site identified on the PPAR␥2 promoter (41) , also failed to decrease TIP-6-mediated PPAR␥2 activation. We did not detect any of the other known adipogenic transcription factors at the PPAR␥2 promoter site in TIP-6-transfected NIH 3T3 cells (Badri and Schuger, unpublished) .
In the absence of the SANT domain, TIP-6⌬SANT and p300 were recruited to the PPAR␥2 promoter site but did not acetylate H3/H4 even after increasing the number of TIP-6⌬SANT/p300-bearing complexes bound to the PPAR␥2 promoter by increasing the expression of TIP-6⌬SANT by severalfold. Therefore, our results suggest that TIP-6 promotes H3/H4 acetylation at the PPAR␥2 promoter site by bringing enzymes and substrata together through its dual binding to p300 and H4. In the absence of the SANT domain, direct binding between TIP-6 and p300 is lost, and as a consequence, TIP-6 can no longer position p300 in close proximity to H3/H4 to enable their acetylation. The lack of C/EBP␤ and C/EBP␦ induction by TIP-6 transfection and lack of recruitment to the C/EBP␣ promoter further indicates that TIP-6 primarily activates PPAR␥2 gene expression and that downstream genes are secondarily induced by PPAR␥2.
In embryonic mesenchymal cells, the deletion of either the SANT domain or the NRB resulted in the lack of TIP-1/TIP-3 detection at the SRF and PPAR␥2 promoter sites (26) . This was most likely due to the low p300 levels in embryonic mesenchymal cells relative to those in NIH 3T3 cells (Badri and Schuger, unpublished) and their reduced amenability to transfection. Under these circumstances, the deletion of the SANT domain or the deletion of the NRB resulted in either insuffi- FIG. 10 . Endogenous TIP-6, along with p300, are recruited to the PPAR␥2 promoter and acetylate H3/H4 at the promoter site. 3T3-L1 adipogenic cells were induced to differentiate, and ChIP assays were conducted at 0 and 10 days after induction. TIP-6, p300 (but not Gcn5 HAT control), acetylated H3K9,14, and H4 (multiple sites) are detected at the PPAR␥2 promoter site by RT-PCR (A) and real-time PCR (B). The x-TIP immunoblot shows the presence of TIP-6 in the IP material. Notice that TIP-6 does not bind to the C/EBP␣ promoter (B). The error bars on top of each column represent the standard errors. cient p300-bearing complexes or complexes with a diminished capability to bind and/or remain bound to the promoters. Since TIP-6⌬SANT-bearing complexes have reduced but not absent p300 subunits, the almost complete inhibition in HAT activity observed in TIP⌬SANT HAT assays, in which p300-H3/H4 contact is forced by the nature of the assay, suggests that TIPs may also contribute to optimal p300 catalytic activity. Indirect support for this possibility is that p300 can exist in different conformations (42) and that change in its structure is a potential limiting factor in p300-mediated catalysis in vitro (54).
In conclusion, our studies suggest that TIPs are a family of transcription regulators required for the recruitment of p300 to specific promoters, for positioning p300 in close proximity to promoter-associated H3/H4, and possibly for maintaining p300 in its catalytically active conformation. The TIP SANT domain is essential for the accomplishment of the last two functions. Furthermore, we identified TIP-6 as a new member in the adipogenic cascade, bringing to three the number of TIPs involved in mesenchymal-lineage determination.
